Introduction

44
In the last years post-transcriptional regulation of gene expression (PTR) has gained recognition 45 as a crucial determinant of protein levels, and consequent cell phenotypes (Schwanhäusser et 46 al. 2011; Vogel et al. 2010) , stimulating a rising interest in studies focused on RNA-binding 47 proteins (RBPs) and the interactions with their RNA targets. 48
RBPs are a key class of regulators in PTR. They are less than two thousand proteins in the 49 human genome (almost 1200 verified RBPs plus several recently discovered ones (Castello et 50 al. 2012) ) and are made of modular domains of which RRM is the most represented one, found 51 in over 200 proteins (Lunde et al. 2007 ). RBPs control processes ranging from splicing and 52 polyadenylation to mRNA localization, stability, and translation (Gerstberger et al. 2014 ). To 53 fine-tune the outcome of their regulatory action, RBPs rely on an intricate web of competitive 54 and cooperative interactions (Dassi 2017) . . Among these, the forwarded uplinked mutual dyad is used to forward the output of 167 an uplinked mutual dyad to a further RBP, and thus is a hierarchical, rank-connecting extension 168 of the UMD. Furthermore, the chain-feeding dyad is made of a dyad which transmits its 169 regulatory signal to two linearly connected RBPs, thus realizing a hierarchical structure as well. 170
Given their properties, these two motifs provide further support to a ranked clusters model for 171 the structure of our network. 172
173
The structure of the RBP-RBP network is different from the TF-TF one 174
We thus sought to compare the motif structure of the RBP-RBP network with the one of another 175 network of regulators, the TF-TF network described in (Neph et al. 2012 ) for 41 cell types. We 176 thus computed the triad significance profile (TSP) for these networks as described in (Milo et al. 177 2002) . The TSP quantifies the use of the various three-nodes motifs by the network under 178 analysis, and thus recapitulates its local structure. To complement this analysis, we also asked 179 ourselves whether the structure of our network could be considered representative of the 180 unavailable "complete" RBP-RBP network. To answer this question we thus built an inferred 181 RBP-RBP network by collecting experimentally determined RBP-bound regions as per a protein 182 occupancy profiling assay in HEK293 cells (Baltz et al. 2012) . We then matched these regions 183 to the binding motifs of 193 human RBPs derived from the in vitro RNAcompete assay (Ray et 184 al. 2013 ). We obtained a network of 108161 RBP-RBP interactions. This network, independently 185 reconstructed from two experimental datasets, becomes a validation of the general structure we 186
propose for the RBP-RBP network. 187
We eventually compared the TSP of the three networks. The results are shown in Figure 1D , 188 and we observe two salient aspects. First, the RBP-RBP network and its inferred version have a 189 very similar motif structure (Pearson correlation=0.838, p-value=3.47e-04), with limited 190 magnitude differences only, suggesting that our network structure is reproducible and a Table S4A  237 and S4B. Globally, these results suggest that the conventional community definition does not fit 238 well the RBP-RBP network, which may thus be structured differently. 239 
RBP-RBP interactions occur in clusters dictated by their common target mRNAs 252
The number and size of the detected communities indicate a low modularity of the RBP-RBP 253 network, likely due to a peculiar community structure which cannot be detected by current 254 algorithms. To further study this aspect, we set out to investigate a more general principle, that 255 of interactions between RBPs in the network being connected to cooperatively or competitively 256 sharing mRNA targets. RBP-RBP network wiring constraints could indeed be due to 257 combinatorial RBP interactions through their targets (both RBPs, which are in the network, and 258 non-RBPs, which are outside it). We thus extracted all mRNA targets for each RBP in the 259 network from the AURA 2 database (Dassi et al. 2014 ) and computed the overlap for every RBP 260 pair. We compared these overlaps for protein-mRNA pairs in the network (interacting RBPs) 261 and pairs not in the network (non-interacting RBPs). The results indicated that interacting RBPs 262 share significantly more targets than non-interacting RBPs (median 141 and 52 resp., Wilcoxon 263 test p<2.2E-16). To investigate the biological meaning of this general phenomenon, we then 264 studied sets of RBPs known to bind to the same cis-element and consequently sharing most, if 265 not all, of their targets. We considered AU-Rich Element (ARE) binding proteins (Barreau et RNAs, and with the poly(A), a major cis-determinant of mRNA stability and translation (Goss 270 and Kleiman 2013). ARE-binding proteins, in particular, are known to display both cooperative 271 and competitive behaviors (Barreau et al. 2005 ). We computed link density (i.e. the fraction ofall possible RBP-RBP interactions made within a group) for the whole network and each group. 273
As shown in Figure 2B , all groups have significantly higher link densities than the whole 274 network (7.8-18.7 times higher, 1000-samples bootstrap p-values=0.002 or less). The group 275 with most interactions is the ARE-binding proteins (68 interactions), whose complete network is 276 shown in Figure 2C . A hierarchical structure is visible, where HuR/ELAVL1 and TIAL1 are the 277 major regulators (highest out-degree and lowest in-degree), connected to a second level 278 The interactions identified by analyzing RBP clusters are, however, only a fraction of all links in 307 the network. We thus hypothesized that, alongside these community-like structures, the network 308 could also be employing linear node chains as its functional units. To study this aspect, we 309 extracted chains of length 4 and 5 (longest network path) from the network (examples are 310 shown in Figure 3A ). To assess their relevance, we checked whether chains were more 311 functionally homogeneous (i.e. composed of RBPs with more closely related functions) than 312 algorithm-derived communities, taken as comparison given their poor ability to capture the 313 structure of the RBP-RBP network. We thus computed a functional coherence score as the 314 average semantic similarity score for each pair of RBPs in a chain or community. Chains display 315 a significantly higher functional coherence than algorithm-derived communities (Wilcoxon test 316 p=9.01E-07/0.0347 for CPM/RNSC for chains of length 4; p=7.562E-06/0.086 for CPM/RNSC 317 for length 5; shown as density in Figure S2 essential genes in those organisms. As shown in Table S5 , S6, and S7, the enrichment of 335 essential genes in iRBPs is highly significant also for these organisms. 336
The iRBPs could also be highly conserved, due to their fundamental role in driving the RBP 337 chains. We thus investigated whether these RBPs are more evolutionarily constrained than 338 other RBPs. We extracted evolutionary rates of sequence divergence from the ODB8 database 339 (Zdobnov et al. 2017 ) and (Zhang and Yang 2015) , and rates of purifying selection from 340 (Kryuchkova-Mostacci and Robinson-Rechavi 2015). We observed that, in all datasets, iRBPs 341 have a significantly lower evolutionary rate than all RBPs in the network (Fig 3B; Wilcoxon test  342 p=5.2E-05, 0.0128 and 0.0016 for ODB8, NRG3950 and PO131673 respectively). Furthermore, 343
we also investigated whether the iRBPs PTR is evolutionarily constrained. We thus computed 344 their average UTR conservation, and first found that UTRs of RBPs in the network are more 345 conserved than the UTRs of all genes (Wilcoxon test p < 2.2E-16 for 5' and 3' UTRs). As the 346 network includes most RBPs, this feature is characteristic of RBP genes. iRBPs 3'UTR 347 conservation was also found to be significantly higher than that of other RBPs (Wilcoxon test 348 p=0.002142). This ultra-conservation, coupled with the essentiality of most iRBPs, consistently 349 support their importance as key cell regulators. 350
We eventually asked ourselves whether the regulatory information is transmitted through the 351 chains, from the iRBPs down to the last node. To study this aspect, we obtained and reanalyzed 352 publicly available transcriptome profiles of knock-down experiments for three iRBPs (two with controlled by each of the three iRBPs. As shown in Figure 3C , a sizeable fraction of all chain 359 members are differentially expressed (23.9% for PABPC1, 22.4% for CPEB4, and 46.3% for 360 METTL14 at the adjusted p-value threshold of 0.05); if considering only a permissive fold-361 change threshold of 1.1 these numbers rise two to three times (66.1% for PABPC1, 44.1% for 362 CPEB4, and 61.9% for METTL14). It must be noted that other modes of regulation, which 363 cannot be observed in these datasets, can also be used by these proteins aside from mRNA 364 stability (e.g., translational control). This data thus suggest that the regulatory information 365 sparked by an iRBP is indeed transmitted through its chains, likely expanding the set of 366 processes which can be controlled by these proteins. Chains are thus a functional unit in the 367 RBP-RBP network, complementing the observed RBP clusters. 368
369
The RBP-RBP network is a robust and efficient hierarchy 370
We finally asked ourselves which were the implications of RBP chains on the global network 371 structure. A reasonable hypothesis is that chains induce a hierarchical structure, as also 372 suggested by the ranked clusters model we observed as defining the local network structure. 373
We thus measured how hierarchical is the RBP-RBP network (Cheng et al. 2015) , which 374 revealed it as much more than any of the 41 TF-TF networks. When considering a hierarchy of 375 2, 4 or 6 levels; p-value is always orders of magnitude lower, with a -log 10 p of 14.2 versus an 376 average of 3.85 for TF-TF networks at six levels. Furthermore, feedback loops (not coherent 377 with a hierarchical organization) are depleted in the network, representing 0.0085% of the motifsonly; feed-forward loops, coherent with a hierarchical organization, are instead enriched and 379 amount to 3.29% of the motifs. 380
We then assessed another desirable property, that of network robustness to the "removal" (i.e., 381 loss of function) of an RBP from the network. To do so, we computed the pairwise 382 disconnectivity metrics on each node (Potapov et al. 2008 ). The metric is low (only 0.14% of 383 pairs are disconnected on average when removing a node from the network) and significantly 384 lower than for the TF-TF networks (average is three times higher for TFs, worst p-value=5.6E-385 104). The network is thus well-tolerant to losing a node (fewer nodes are disconnected when 386 removing a node), which implies that RBP-RBP interactions are robust. This feature is likely 387
granted by the use of densely connected RBP clusters, resulting in partially redundant 388 regulation. 389
Eventually, while RBP clusters are redundant by definition (as they co-regulate a largely 390 overlapping set of targets), we asked whether also single RBP chains shared this property. We 391 thus computed the overlap between all targets (both RBPs, which are in the network, and non-392
RBPs, which are outside it) of RBPs at the various levels of each chain of length 5. It resulted 393 being particularly low, as only 7.6% of the targets are overlapping between any two levels 394 (median of all chains, average of each pair in a chain; the range is 2.8%-15.5%). Differently 395 from RBP clusters, we can thus say that chains are efficient, as targets are not redundantly 396 regulated by individual RBPs along the chain, but rather are predominantly organized in 397 complementary sets at each of its nodes. This efficiency comes at the expense of robustness 398 (i.e., if one level of the chain fails the regulatory signal would most often be lost), which is 399 instead a feature of RBP clusters. The resulting model, shown in Figure 4 , couples hierarchical 400 structure, network robustness through RBP groups, and efficiency through RBP chains. 401 clusters structure (Johnsen 1985) , thus suggesting that the network can be divided in features 431 conferring hierarchy and clusters of densely interacting nodes. 432
To study the role of these interactions in shaping cell phenotypes, we investigated why RBPs 433 regulate each other. We found a few protein complexes involved in RNA metabolism and highly 434 intra-regulated by RBP-RBP interactions. However, only a fraction of all complexes display this 435 behavior, which cannot thus be considered general. We instead observed that groups of RBPs 
